Response surface methodology was undertaken to optimize the polyethylenimine-mediated transient transfection of suspension cultured HEK 293-F cells. A total of 15 combinations were designed according to Box-Behnken design to identify the effects of DNA concentration, polyethylenimine concentration and incubation time on transient transfection efficiency. The highest integral optic density of green fluorescent protein presenting r-protein yield was accessed using a DNA concentration of 1.75 µg/mL, a polyethylenimine concentration of 10.5 µg/mL, and an incubation time of 11.8 min. Analysis of variance demonstrated that the experimental values fit well with a quadratic model. The RSM-optimized transient transfection resulted in greater production of human tissue prokallikrein (TproK) than non-RSMoptimized conditions: protein yield was 32.0 mg/L and the maximum viable cell density reached 3.57 x 10 6 cells/mL in a 5 L stirred-tank bioreactor culture.
INTRODUCTION
Stable expression technologies, based on the transgene integrations into the host genome, are currently the most important methods to produce complex recombinant proteins in mammalian cells. The development of these technologies has been tedious and costly, involving a considerable investment of time, labor, materials and equipment. Faster methods of generating proteins are needed for earlier evaluations of protein drug candidates and for analysis and screening in high-throughput formats such as proteomic research. Transient gene expression (TGE) in mammalian cells such as Chinese hamster ovary (CHO) cells and HEK 293 cells are considered wellsuited to fill these needs, with the capabilities to generate milligrams to grams of products within a relatively short timeframe (Pham et al. 2006; Han et al. 2007 ). Due to factors such as costs of materials, simplicity in handling and facility in large-scale operations, transfection with calcium phosphate and polyethylenimine (PEI) have been the most widely used approaches today among numerous commercially available transfection agents (Schlaeger and Christensen, 1999) . HEK 293 is the most commonly used cell line for large-scale transient transfection for its advantages such as higher transfectability, suspension cultivation in serum-free conditions, and cost-effective scalability (Han et al. 2007 ). Yields of transiently-expressed protein from 0.5 to 20 mg/L have been reported after 5 to 7 days post-transfection in HEK 293 cells (Jordan et al. 1996; Wurm and Bernard, 1999; Girard et al. 2002; Derouazi et al. 2004; Baldi et al. 2005; Rosser et al. 2005; Han et al. 2007 ).
To explore the full potential of TGE, a relatively large effort has been made to optimize PEI-mediated gene delivery into various cell types (Boussif et al. 1995; Ogris et al. 1998; Kichler et al. 2001; Parham et al. 2001; Durocher et al. 2002; Derouazi et al. 2004; Wulhfard et al. 2008) . However, these methods have not tested the effect of varying combinations of the factors involved. Response surface methodology (RSM) is a mathematical and statistical technique used to develop and optimize the evaluation of the relative significance of multiple factors in the presence of complex interactions (Gonen and Aksu, 2008) . With RSM, a minimal number of experiments can be performed to optimize a process. We employed this approach to optimize DNA and PEI concentrations and complex formation time for PEI-mediated transient transfection. In this paper, we report the application of RSM optimization to the PEI-mediated transient transfection of HEK 293-F cells to improve the production of human tissue prokallikrein (TproK), the precursor of human tissue kallikrein (hTK), which is widely expressed in diverse tissues and implicated in a range of normal physiologic functions from the regulation of blood pressure and electrolyte balance to tissue remodeling, prohormone processing, neural plasticity, and skin desquamation (Borgono et al. 2004) . The transient-expressed TproK was then successfully purified using scalable chromatographic processes. Recombinant TproKs and hTKs were generated in E. coli, but with dramatically diminished activity (Angermann et al. 1989; Lu et al. 1996) , because proteins produced by prokaryotes lack post-translational modifications. Otherwise, the glycoforms produced by non-human cell lines such as CHO and NS0 are different from those of humans (Jefferis, 2001) . It is important to be able to produce native proteins to evaluate the functions and clinical interests of TproK and other proteins with transient expression.
MATERIALS AND METHODS

Materials
HEK 293-F cells (Invitrogen) were adapted to suspension culture in LCHL-PF medium, a proprietary protein-free medium containing amino acids, vitamins, trace elements, water soluble fatty acid and cholesterol. The concentrations of glucose and glutamine were 30.0 and 7.5 mM, respectively. The maximal cell density was 3.7 x 10 6 cells/mL with an inoculation of 3.0 x 10 5 cells/mL. Cells were grown in 100 to 1000 mL shaker flasks on a rotary shaker (90 rpm) at 37ºC in a 5% CO2 atmosphere and passaged every 3 days. Unless specified, all reagents were purchased form Sigma Chemical Co.
Expression vector
The full-length cDNA encoding TproK in prokaryotic expression vector p6183-hTK, a generous gift from Prof. Lee Chao of the Medical University of South Carolina, was amplified using polymerase chain reaction (PCR). A consensus Kozac translation initiation sequence and a NotI restriction site were introduced using the 5' primer (5'-TGCGGCCGCCGATGTACGGGCCAGATATAC-3') to facilitate cloning. A SacII restriction site was also introduced to the 3' primer (5'-CTCCGCGGTAGAGCCCCAGCTGGTTCTTTC-3'). The PCR products were digested with NotI and SacII, and then cloned into the mammalian expression vector pCMV7. Plasmid pEGFP-N1, which contains a strong CMV-immediate early promoter, was used in the optimization of process parameters. Vectors were purified with EndoFree Plasmid Mega Kit (Qiagen) according to manufacturer's protocol and stored at -20ºC in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4). 
Optimization of PEI-mediated transient gene expression with RSM design
Linear PEI (25 kD, Polysciences) was dissolved in distilled water at 1 mg/mL (pH 6.8) and stored at -80ºC after 0.22 μm filtration. Twenty minutes before transfection, exponentially growing HEK 293-F cells in shaker flasks were harvested by centrifugation and gently resuspended to approximately 1.1 x 10 6 cells/mL in low calcium (100 μM) RPMI 1640 to inoculate 6-well plates with 1.35 mL of cells per well. PEI/pEGFP-N1 complexes were prepared by gentle mixing of 75 μL pEGFP-N1 and PEI of varying concentrations in 150 mM NaCl (pH 6.5) and incubating for 3 to 20 min. To initiate transfection, 150 μL of the complexes were added to corresponding wells at appropriate time points. After 4 hrs of orbital shaking (90 rpm), 3 mL LCHL-PF medium was added to each well for 48 hrs post-transfection culture. Photographs were taken with a fluorescence microscope under the same conditions and transfection efficiency was quantified by the integral fluorescence of the translational product green fluorescent protein (GFP). The integral optic density (IOD), representing the overall expression level of the translational product GFP in each transfection condition, was calculated by Image-Pro Plus (Media Cybernetics, Inc.), as our previous work (Han et al. 2007 ).
Statistical analysis and experimental design were performed using JMP software Version 6 (SAS institute Inc., USA). After the ranges of variables were preliminarily screened (data not shown), response surface methodology was adapted to investigate the combined effect of three independent variables (Xi), i.e. DNA concentration (X1 = 0.5-3 µg/mL), PEI concentration (X2 = 5-12 µg/mL), and incubation time (X3 = 3-20 min). The three levels of variables in each treatment are shown in Table 1 . A total of 15 combinations including 3 replicates of the center point were executed in random order according to the Box-Behnken configuration shown in Table 2 . A second order polynomial equation was used to correlate the independent process variables, with the outcome of IOD. Experiments were also carried out in duplicates to provide the mean of IOD in Table 2 . 
Comparison of expression level between RSM-optimized and non-RSMoptimized conditions in shaker flasks
In order to identify the effect of RSM optimization on TproK transient expression, a comparison study was made at a small scale in LCHL-PF medium between the conditions of transfection optimized in the RSM approach and those obtained through factor screening (non-RSM-optimized) as we described previously (Han et al. 2007 ), but with the TproK transient expression. The RSM-optimized DNA/PEI/time combination was 1.75/10.5/11.8 (µg/mL, µg/mL, min), while the non-optimized combination was 1.0/6.0/30 (µg/mL, µg/mL, min). The PEI/DNA nitrogen/phosphate (N/P) ratio was 46.5:1.
PEI and plasmid DNA (pCMV-TproK) were diluted in 350 μl of 150 mM NaCl (pH 6.5), separately. The PEI solution was then added to the plasmid solution and vortexed immediately. After an appropriate incubation, the total 700 μl of PEI/DNA complex was added to 7 x 10 6 cells in 6.3 mL of low-calcium RPMI 1640. After 4 hrs of incubation on a rotary shaker (90 rpm), 14 mL LCHL-PF was added for posttransfection cultures. The concentration of TproK and viable cell density were measured every 24 hrs after transfection.
TproK transient expression in 5 L stirred-tank bioreactor with RSM-optimized conditions
Approximately 7.7 x 10 8 of exponentially growing HEK 293-F cells in shaker flasks were harvested and resuspended in 700 mL of low-calcium RPMI 1640 to inoculate a 5 L stirred-tank bioreactor (B. Braun, Melsungen, Germany). Operational conditions were set at 50% of air saturation for dissolved oxygen, 70 rpm for mixing with a fourblade segmented impeller, and pH 7.05 with intermittent CO2 addition to the aeration gas mixture. In a 250 mL glass flask, 70 mL of PEI/pCMV-TproK complexes was prepared under vigorous mixing for about 10 min with a Teflon stir bar. The addition of complexes into the bioreactor was completed within 5 min at a higher stirring rate of 90 rpm. During the transfection stage, cell density, concentration of pCMV-TproK, and concentration of PEI were 1.0 x 10 6 cells/mL, 1.75 µg/mL and 10.5 µg/mL, respectively. 1540 mL LCHL-PF was added 4 hrs later to facilitate the posttransfection cell growth in the bioreactor. Cell growth and concentrations of TproK and major metabolites in the medium were measured daily afterwards.
Protein purification
On the seventh day of post-transfection, 200 mL of spent medium was cleared by centrifugation at 12,000 rpm for 10 min and concentrated by diafiltration (molecular weight cutoff 10 kDa) in 10 mM Tris-HCl with 1.5 M (NH4)2SO4 (pH 7.5). After filtration with 0.4 μm membrane, 20 mL of the concentrate was loaded on to a 1 mL equilibrated HiTrap Octyl FF column (GE), followed by washing with 10 mL of diafiltration buffer to remove unbound proteins before elution with 10 mM Tris-HCl (pH 7.5). Fractions containing TproK were pooled and dialyzed against 10 mM Tris-HCl (pH 7.5) at 4ºC. After loaded on 1 mL HiTrap Q FF (GE), the proteins was eluted with 500 mM NaCl in 10 mM Tris-HCl (pH 7.5) in a linear gradient of 0 to 100% over 10 column volumes. Fractions containing TproK were pooled again and dialyzed against 500 mM NaCl in 50 mM Tris-HCl (pH 7.4) at 4ºC before being loaded on a 1 mL HiTrap Benzamidine FF (GE). After a washing of 10-15 column volumes, HiTrap Benzamidine FF column was eluted with 5-10 column volumes of 500 mM NaCl in 10 mM HCl (pH 2.0). Over-acidification was avoided by adding 100 μL of 1 M Tris-HCl (pH 9.0) to 1 mL of eluate in each collection tube. Purified TproK was dialyzed against PBS at 4ºC overnight, aliquoted, and stored at -80ºC. All chromatographic steps were performed on an AKTA FPLC system (GE). Optimization of polyethylenimine-mediated transient transfection using response surface methodology design
Analytical methods
Cell density and viability were estimated by the trypan blue dye exclusion method with a hemocytometer. Concentrations of glucose, lactate and ammonium were measured with YSI 2300 STAT PLUS glucose/L-lactate analyzer and Model 95-12 ammonia electrode (Thermo Electron Co.), respectively.
The concentration of recombinant TproK was determined by enzyme-linked immunosorbent assay. Purity of the target protein was assessed by high pressure liquid chromatography. Western blotting was performed after transferring protein bands from SDS-PAGE (12%) to Hybond ECL nitrocellulose membrane (Amersham).
RESULTS AND DISCUSSION
Optimization of transfection conditions
To examine the combined effect of plasmid DNA concentration, PEI concentration and the time of PEI/DNA complex formation, a total of 15 experiments (Table 2) were performed with the use of pEGFP-N1 and a face Box-Behnken design.
Analysis of variance (ANOVA) was important in determining the adequacy and significance of the quadratic model (Table 3 ). The R 2 value of the model was 0.9444, indicating the model was reliability and suggested that only 5.56% of the total variations were unable to explain by the mathematical model. The model "Probe > F" was 0.0118 less than 0.0500 indicated that the model was statistically significant and there was only a 1.18% chance that a "Model F-value" this large could occur due to noise. In the manner, the effect of X2, the second order effect of X2 and X3 (the value of "Probe > F" were 0.0009, 0.0086, 0.0133 respectively) implied that they were important model terms. Here, X1, X2 and X3 represent the concentration of DNA in µg/mL, the concentration of PEI in µg/mL and the complex formation time in minutes, respectively. Threedimensional graphs, showing the IOD responses to the concentrations of DNA and PEI, and complex formation time are presented in Figure 1 .
The PEI concentration clearly had a more dynamic effect (within the range tested) on the outcome of transient expression of GFP than DNA concentration (Figure 1a) . A similar observation could be made in the plot of PEI concentration against complex formation time (Figure 1b) . The value of IOD rose to a maximum when PEI concentration was increased to 10.5 µg/mL, and then started to decline in both cases.
Although the concentration of DNA contributed to the outcome of IOD to a lesser degree according to the model, an optimal concentration of 1.75 µg/mL could be identified from its tested concentration range of 0.5 to 3 µg/mL. The complex formation time affected IOD moderately, and optimized results were obtained with a complex formation time of 11.8 min. To summarize, the optimal conditions for these independent variables could be drawn from these statistically designed experiments: 1.75 µg/mL for DNA, 10.5 µg/mL for PEI, and 11.8 min for the time of incubation.
Comparison of transient expression level between RSM-optimized and non-RSM-optimized PEI/DNA/time combination in shaker flasks
PEI and plasmid DNA (pCMV-TproK) were mixed and vortexed immediately for an appropriate complex formation time. The RSM-optimized DNA/PEI/time combination was 1.75/10.5/11.8 (µg/mL, µg/mL, minutes), respectively, while the non-RSMoptimized combination was 1.0/6.0/30 (µg/mL, µg/mL, minutes), respectively.
Transfected with RSM-optimized conditions, a minor difference in post-transfection cell growth was observed, probably due to the higher toxicity of PEI at a higher level in the RSM-optimized culture (Figure 2a) . The maximum viable cell density reached 3.5 x 10 6 cells/mL for RSM-optimized conditions and 3.7 x 10 6 cells/mL for the non-RSM-optimized conditions. In this comparison study at a small scale in shaker flasks, however, a greater gain in TproK transient expression was realized using the transfection conditions from RSM optimization over those from factor screening, representing a yield increase of 41% from 22.6 mg/L to approximately 32.0 mg/L (Figure 2b ).
Batch culture of transfected HEK 293-F cells in 5 L stirred-tank bioreactor
Following inoculation of a 5 L stirred-tank B. Braun bioreactor with exponentially growing HEK 293-F cells, PEI/pCMV-TproK complexes were prepared under vigorous mixing using the RSM-optimized conditions and added to the bioreactor within 5 min. During the transfection stage, cell density and bulk concentrations of pCMV-TproK and PEI were 1.0 x 10 6 cells/mL, 1.75 and 10.5 µg/mL, respectively. During the post-transfection culture of 8 days, the maximal viable cell density reached 3.57 x 10 6 cells/mL on day 7 (Figure 3) . Secretion of TproK reached a plateau on day 6 with a maximum yield of 37.5 mg/L on day 7. Glucose consumption was found to be dramatic and exhausted on day 7. Accumulation of L-lactate reached a maximum of 19.7 mM on day 6 and then started to decline during the last 2 days. A steady increase of ammonium accumulation was also observed, with a final concentration of 6.17 mM at the end of the post-tranfection culture. Maximizing the utilization of glucose and minimizing the formation of ammonium were considered appropriate approaches to further improvement of TproK production.
We repeated the experiments in 2 L and 30 L stirred-tank bioreactors. The maximum viable cell density and TproK yield were similar, which were 3.45 x 10 6 , 3.37 x 10 6 cells/mL and 35.1, 42.1 mg/L.
Purification of transiently expressed recombinant human TproK
Following successive chromatographic operations on columns of Octyl Sepharose ( Figure 4a ) and Q-Sepharose column ( Figure 4b ) and benzamidine-Sepharose (Figure 4c ), as described above, fractions containing TproK as analyzed by enzymelinked immunosorbent assay were pooled and dialyzed against PBS at 4ºC. Size exclusion high pressure liquid chromatography analysis on the TproK indicated a purity of greater than 95%. The purified protein was shown to be 35 to 45 kDa as defused bands, and recognized by the polyclonal antiserum against TproK (Acris, German), in SDS-PAGE and western blotting most likely due to different degrees of glycosylation (Figure 4d ). The overall recovery yield was approximately 54% of the starting material.
CONCLUDING REMARKS
In contrast to stable gene expression, transient gene expression involves short-term rprotein production, typically for up to 10 days post-transfection in the absence of genetic selection of the plasmid DNA (Baldi et al. 2007 ). In our work, a higher level of TproK was successfully transiently expressed in HEK 293-F cells and then purified chromatographically. In this study, an RSM-optimized transient transfection method for suspension culture HEK 293-F cells was investigated. The interaction between independent variables (DNA concentration, PEI concentration and incubation time) was taken into account using RSM optimization, and effective combined results were accessed. The PEI concentration of 10.5 µg/mL was higher than in previously reported results. Fortunately, PEI at 10.5 µg/mL has little influence in HEK 293-F cell growth according to our work ( Figure 2 ). Incubation time was shorter compared to the previous results (approximately 15 to 30 min), perhaps as a result of the high concentration of PEI and DNA forming nano-particles more quickly. Whether the result is suitable for transient transfection of other cell lines should be studied further.
